[NiFe]-hydrogenases generally carry the bimetallic Ni-Fe reaction center on their largest subunit. The [NiFeSe]-hydrogenase Vhu from Methanococcus voltae has an unusual subunit composition. Some of the amino acids participating in the formation of the reaction center are within a separate, very small subunit, called VhuU. It consists of only 25 amino acids and contains the selenocysteinyl residue, a ligand to the Ni atom. We have tested whether the special configuration of the Vhu-hydrogenase is of particular biochemical relevance. We have constructed a fusion subunit derived from the VhuA and VhuU subunits by generating a gene fusion which was inserted into the chromosome of M. voltae by gene replacement. The enzyme was purified and shown to be as active as the wild-type enzyme. M. voltae carries the genetic information for four different [NiFe]-hydrogenases. In addition to the Vhu-hydrogenase, a second selenium-containing enzyme, Fru, has been purified. Two selenium-free enzymes, Vhc and Frc, are homologues of Vhu and Fru, respectively. Their gene groups, vhc and frc are transcribed only upon selenium depletion. The selenium-containing subunit VhuU has been implicated in their negative regulation. However, cells containing the fusion hydrogenase still exhibited normal regulation of the vhc and frc promoter activities as tested in reporter gene constructs. This indicates that the free VhuU polypeptide is not required for the negative regulation of the vhc or frc genes. second subunit. These two subunits form a functional enzyme as tested with artificial electron acceptors.
The reversible cleavage of dihydrogen is an important reaction in the metabolism of many microorganisms. It is catalyzed by hydrogenases. All but one type of these enzymes are metalloproteins. The metal-free hydrogenase [1] needs a specific cofactor. Its mechanism has been elucidated [2] . The other enzymes contain either only Fe [3] or Fe and Ni [4, 5] . The [NiFe]-hydrogenases are abundant among prokaryotes [6] . The dihydrogen molecule is heterolytically cleaved in the primary bimetallic [NiFe] center [7, 8] . The resulting electrons are then transferred via Fe-S clusters [9] to electron acceptors. The deazaflavine coenzyme F 420 (7,8-dimethyl-8 -hydroxy-5′-deazariboflavine) can serve as electron acceptor for several known [NiFe]-hydrogenases in methanogenic archaea. The electrons can also be transferred to artificial acceptors such as viologens. This property has been exploited for activity tests with enzymes, the natural electron acceptors of which are unknown. The metal clusters are part of different subunits in [NiFe]-hydrogenases. In general, the large subunit carries the [NiFe] cluster. Ligands to the Ni atom have been identified [9Ϫ13] . These are either four cysteinyl residues or three cysteinyl residues and one selenocysteinyl residue in the [NiFeSe]-hydrogenases. The Fe-S clusters are part of a second subunit. These two subunits form a functional enzyme as tested with artificial electron acceptors.
Two [NiFeSe]-hydrogenases have been purified from the archaeon Methanococcus voltae. They have been characterized with respect of the electronic configurations of their primary reaction centers at different redox states [14Ϫ16] . One of these enzymes, termed Fru, reduces the deazaflavine cofactor F 420. It consists of three subunits with the canonical large subunit carrying the [NiFe] cluster. The other, Vhu, whose natural electron acceptor remains unknown, has a special subunit composition. While the subunit containing the Fe-S clusters corresponds to those of other [NiFe]-hydrogenases, the [NiFe] center is formed by two subunits each contributing two ligands [12, 13] . It appears that the gene normally encoding the largest subunit has been split. The homologue of the larger N-terminal part of the subunit carrying the primary reaction center is encoded by the gene vhuA, directly followed by a very small gene vhuU encoding what would be the C-terminal part of a normal large subunit [14, 17] . The vhuU gene product is C-terminally processed, probably prior to its incorporation into the enzyme and the formation of the [NiFe] cluster to which it contributes a cysteinyl residue and a selenocysteinyl residue. This processing is a general feature and normally occurs at the C-terminus of the large subunit polypetide concomitantly with the incorporation of Ni [18] .
M. voltae carries genetic information for two further [NiFe]-hydrogenases, Frc and Vhc, which can be considered to be selenium-free isoenzymes of the [NiFeSe]-hydrogenases Fru and Vhu, respectively. The vhc and frc genes are coordinately regulated [19] . They are only transcribed in the absence of selenium. A model for the regulation of these genes has been proposed Fig. 1 . Design of the linking region between the vhuA and vhuU moieties of the vhuF gene. The linker between the two subunits was designed to resemble the corresponding sequence found in the homologous VhcA subunit of the selenium-free isoenzyme. Note that the Shine-Dalgarno-type ribosome-binding site in front of the vhuU gene (underlined italics) was eliminated in the fusion. The complete sequences are available as EMBL data bank files X61203 (vhc) and X61204 (vhu). [20] assuming that the unusual selenocysteine-containing small subunit VhuU might play a role in the negative regulation of the coordinately regulated frc and vhc operons, According to this model, absence of selenium would relieve the negative transcriptional regulation of the frc and vhc operons, since selenium depletion would restrict or even abolish the production of the VhuU polypeptide.
With the help of the experiments to be presented here, we wanted to find out whether the fusion of the two Vhu subunits VhuA and VhuU, which contribute to the Ni-Fe center, would still allow the formation of a functional [NiFe]-hydrogenase. In addition, we were interested to learn whether the incorporation of the small subunit into a fused subunit resembling the [NiFe]-center-forming subunits of other [NiFe]-hydrogenases would abolish the negative regulation of the operons encoding the selenium-free isoenzymes.
MATERIALS AND METHODS
Strains. M. voltae (DSM 1537) was obtained from the German Collection of Microorganisms. Strains M. voltae hisuidhmv, hisuid-vhc or hisuid-frc carry plasmid insertions in the hisA gene. They were constructed in our laboratory. Details of the strain constructions will be described elsewhere. The inserted plasmids rescue a hisA deletion and can therefore be maintained in the absence of histidine. They bear the Escherichia coli uidA gene as a reporter under the control of the constitutive hmvA promoter or the vhc or frc promoters, Pvhc and Pfrc, normally driving the operons encoding the selenium-free hydrogenases in M. voltae [21] . In order to obtain derivatives carrying the vhuF fusion gene, these strains were transformed with linear DNA leading to the replacement of the vhuA and vhuU genes by vhuF.
Transformation of M. voltae. The cells were grown in defined medium [22] , which was supplemented with all amino acids at 100 µg/ml. Selenite and histidine were omitted as indicated. Solid media contained 1.5 % agar. If necessary, puromycin was added at 10 µg ml Ϫ1 . M. voltae was transformed employing liposomes as described [23] with the following modifications. All steps were performed in an anaerobic chamber. The cells were resuspended at 10 9 ml Ϫ1 in 0.65 M sucrose for osmotic protection. DNA-containing liposomes were formed by incubation of 2 µg linear DNA in 25 µl 20 mM Hepes, pH 7.4, and a mixture of 5 µl liposome-forming reagent N- [1-(2,3-dioleyloxy) propyl]-N,N,N-trimethylammonium methylsulfate (DOTAP) and 45 µl of the same buffer for 30 min at room temperature. 1 ml cells were incubated together with the DNA-containing liposomes for 4 h at room temperature before inoculation into liquid medium. The cells were then kept for 14 h at 37°C before plating on puromycin-containing selective medium without histidine and selenite. Single colonies were obtained after two weeks.
DNA isolation, hybridization, PCR amplification and sequencing. DNA cloning and hybridization techniques followed routine procedures [24, 25] . DNA was isolated after harvesting transformant cells from 1 ml liquid culture using the QIAamp tissue kit (Qiagen). The DNA was cut with PstI and transferred to a nylon membrane (Roti-Nylon plus, Roth). The blots were probed with 32 P-labeled [26, 27] or digoxigenin-labeled probes [28] . The DIG High Prime DNA Labeling and Detection Kit (Boehringer Mannheim) was used according to the supplier's instructions. Primers 3.0RE (CAAAACCCCTGAAATGGTGG-ATGAAACAAAATTA), 3.1LX (CATCCATTTCAGGGGTTT-TGAAAAGCACTTCTGCG), fpir (GGCCGCTCTAGAGTAC-TGCAGAGAAACAGAGAGAATTAATGC), rpir (CTATTTA CTATCTAGATATCAAATCTGATAATTAGTTTTAATA), vu1.89 (CCAGCTGATGTAAAATTACATATTACC) and vu3.4 (CTCAAAAAATTATCTCTAAGTTAG) were used for PCR amplification [29] . Primers 3.0RE, 3.1LX, fpir and rpir were employed to create the gene fusion (Fig. 2) . Primers vu1.89 and vu3.4 border the chromosomal segment carrying the gene fusion. Primer vu2.9S (CCGATGATAATGGTATCGTAACTAAAGCG) labeled with the IRD-41 fluorescent marker group (MWG Biotech) was used for sequencing the fusion (Fig. 3) . Sequencing was on a LICOR model-4000 automatic sequencer by cycle sequencing based on the dideoxy chain termination method [30] . A Thermo Sequenase Cycle Sequencing kit (Amersham Life Science) was used.
Enzyme purification and hydrogenase test conditions. The cells were grown anaerobically at 37°C as described before [16, 22] . 10-l batch cultures were gassed with H 2 /CO 2 (80:20) at 96 ml/min and H 2S at 3 ml/min. The cells were harvested by centrifugation during the late exponential growth phase, frozen in liquid nitrogen and stored at Ϫ80°C.
The source of the wild-type enzyme was untransformed cells. The mutant enzyme was purified from a strain in which the vhuA and vhuU genes were replaced by the vhuF fusion gene. Therefore, this strain does not carry genetic information for the wild-type Vhu-hydrogenase. The purification of the Vhuhydrogenase and the mutant enzyme was performed as described [14] with the following modifications. The active DEAE-Sepharose fraction was adjusted to 0.8 M ammonium sulfate in 50 mM Tris/HCl pH 7.5 (buffer A). It was applied to a Phenyl-Sepharose high-performance XK 26/10 column and washed with 60 ml 0.6 M ammonium sulfate. The protein was eluted with a 150 ml gradient of 0.6Ϫ0 M ammonium sulfate in buffer A. The active fraction eluting at 0.45 M (NH 4 ) 2 SO 4 was concentrated and simultaneously adjusted to 50 mM Tris/HCl, pH 7.5, without ammonium sulfate. It was then applied to a Source Q PE 4.6/ 100 column. After washing with 10 ml 0.25 M NaCl, the enzyme was eluted with a linear gradient of 0.25Ϫ0.45 M NaCl in buffer A. All chromatographic materials were obtained from Amersham Pharmacia Biotech. The active fraction was concentrated by ultrafiltration using a Centricon 30 microconcentrator (Amicon). Protein concentrations were determined using the dye-binding assay [31] with bovine serum albumin as standard. The expression cassette of the puromycin transacetylase gene (pac) from S. alboniger including the mcr promoter and terminator [37] was obtained from plasmid Mipuid [21] by digestion with EcoRV and KpnI. The fragment was subcloned in pSL1180 [38] . The product is named pSL-pac. The 3′-terminal part of the vhuF fusion gene ('vhuF) was created by fusion PCR [39] , simultaneously generating the codon changes and the deletion of the ribosome-binding site in front of the vhuU, gene as shown in Fig. 1 . The positions of the primers used to generate the vhuF fusion gene, fpir in conjunction with 3.1 LX and 3.0RE in conjunction with rpir, are indicated. The introduction of the 5′-terminal part of the vhuB gene ('vhuB) made it possible to integrate the fusion located on an EcoRIϪHindIII fragment obtained from pvhuF via homologous double recombination (compare Fig. 3 ). Triangles symbolize promoters. Terminators are shown as diamonds.
The substrates of the hydrogenase reaction, F420 or benzyl viologen were used as indicated. One unit of activity is defined as the amount required to oxidize 1 µmol H 2 /min at 37°C. SDS/ polyacrylamide gel electrophoresis was performed according to the method of Laemmli [32] .
Immunoblot analysis. Proteins separated on a 12% SDS/ polyacrylamide gel were transferred to a nitrocellulose membrane (Schleicher & Schüll) as described [33] and incubated with antiserum raised in a rabbit against the largest subunit of the Vhu hydrogenase (VhuA). Detection was performed using alkaline phosphatase linked to goat anti-rabbit IgG serum (BioRad). Nitro blue tetrazolium and 5-bromo-1-chloro-3-indolyl phosphate (Promega) were used as reactants. The rabbit antiserum showed no cross-reaction with other proteins in electrophoretically separated total cell extracts. Stained marker was obtained from BioRad.
β-glucuronidase test. β-glucuronidase was tested using 4-nitrophenyl-β-1,4-glucuronide (Sigma) as substrate as described [21] with the following modifications. Cell lysates were centrifuged for 10 min at 15 000ϫg. The supernatant was used for the tests. They were performed in microtiter plates at 37°C in a total volume of 330 µl with a final 1-mM substrate concentration. The reaction was started by the addition of 15 µl extract and the liberation of 4-nitrophenol followed spectrophotometrically at 405 nm. The absorption coefficient of 4-nitrophenol is ε 405 ϭ 13 200 M Ϫ1 cm Ϫ1 at pH 7.0.
RESULTS

Construction of the hydrogenase fusion gene vhuF.
In order to engineer a derivative of the F 420 -nonreducing hydrogenase Vhu in which the largest and the smallest subunits, VhuA and VhuU, would form a fused subunit resembling those of the other [NiFe]-hydrogenases in M. voltae, a fusion gene was designed (Fig. 1) . The construction of the hydrogenase gene fusion (vhuF) is outlined in Fig. 2 . It was linked to an expression cassette of the pac gene of Streptomyces alboniger flanked by short repeats. They allow the resistance cassette to amplify in the chromosome a Due to incomplete separation of the different hydrogenase activities, the specific activity of the F 420 non-reducing hydrogenases could not be determined.
after transformation resulting in high-level resistance against puromycin. The construct was designed to permit the replacement of the vhuA-vhuU junction after transformation by double crossover (Fig. 3A) . The 5′-terminal part of the vhuB gene, including its promoter, which follows the vhuU gene on the chromosome was therefore included. The site-specific integration of the linear fragment after transfection was checked by Southern hybridization (Fig. 3 B) . The sequence of the fusion gene was confirmed by amplification using chromosomal DNA of the transformants as template and subsequent DNA sequencing (Fig. 4) . The primers were chosen such that they could not amplify the sequence from the plasmid (Fig. 3) which confirmed the correct integration of the fusion gene by gene replacement.
Purification of the fusion hydrogenase and comparison with the wild-type enzyme. Tables 1 and 2 show the purification of the wild-type and mutant enzymes. It is obvious that the purified enzymes have comparable activities. The smaller final yield ob- -hydrogenase from a strain  containing the vhuF gene instead of the vhuA and vhuU genes. BV a Due to incomplete separation of the different hydrogenase activities, the specific activity of the F 420 non-reducing hydrogenases could not be determined.
Fig. 5. SDS/polyacrylamide gel analysis of the purified Vhu wildtype and fusion hydrogenases.
Lane M, size marker (sizes are given in kDa) ; lanes 1 and 3, wild-type enzyme; lane 2, mutant enzyme containing the VhuF subunit. The large VhuA or VhuF subunits and the VhuG subunits are shown. The very small VhuU subunit of the wild-type enzyme is not detectable on a Laemmli gel due to its low molecular mass [14] . The slight variation of the migration behavior of the VhuG subunits is most likely due to different salt concentrations of the applied samples resulting from the different salt concentrations at which the enzymes were eluted during the purification. tained from the mutant cells resulted from an altered chromatographic behavior on the Phenyl-Sepharose column which made it necessary to discard part of the active fractions due to their contamination with other proteins which could not be separated on the following column. This altered chromatographic behavior is plausible due to the introduction of amino acids which appear to be located on the surface when modeled into the known threedimensional structure of the homologous [NiFe]-hydrogenase from Desulfovibrio gigas [34] (data not shown). They could thus interact with the chromatographic material. The purified enzymes were analyzed by SDS/polyacrylamide gel electrophoresis (Fig. 5 ). They were more than 80% pure. In order to prove the identity of the mutant enzyme, a Western blot was stained with an antiserum specific for the VhuA subunit (Fig. 6 ). In the case of the wild-type enzyme, the 46-kDa VhuA subunit [14] was detected. In the case of the mutant enzyme, the antiserum reacted with a larger polypeptide. It is the fusion subunit with the expected size of 49 kDa.
Regulation of the operons coding for the selenium-free isoenzymes in the mutant carrying the fused hydrogenase. The small subunit of the Vhu hydrogenase, VhuU, has been implicated in the transcriptional control of the operons for the selenium-free [NiFe]-hydrogenases in M. voltae [20] . We wanted to find out whether the negative transcriptional control of these operons was still functional in the mutant carrying the fusion hydrogenase, which eliminated the free VhuU subunit. Therefore, the activity of a reporter gene under the control of the frc or vhc promoters was determined in the chromosome of an M. voltae strain after transformation with the vhuA-vhuU gene fusion. Extracts from cells grown with or without added selenium were compared. A strain carrying the reporter gene driven by the constitutive hmvA promoter was used as a control. The regulation was unimpaired (Table 3) . Therefore, the free VhuU polypeptide does not appear to be required for turning off the transcription of the vhc and frc operons in the presence of selenium.
DISCUSSION
The Vhu [NiFeSe]-hydrogenase of M. voltae is atypical because its primary reaction center is formed by two different subunits in contrast to most other [NiFe]-hydrogenases. Only in the genome of Methanococcus jannaschii [35] has a gene been detected that would encode a small subunit similar to VhuU. The crystal structure of a [NiFe]-hydrogenase from D. gigas has been solved [34] . It is taken as a prototype of prokaryotic [NiFe]-hydrogenases. As usual, its large subunit contains all ligands to the Ni atom. The C-terminus, which is homologous to the VhuU subunit of the M. voltae hydrogenase dealt with in our work, is located inside of the enzyme. This position together with the necessity to form a Ni-Fe reaction center from two subunits during the folding of the enzyme, could have led to the assumption that the observed configuration had a special meaning for the function of the enzyme. Since this enzyme is very active compared with other [NiFe]-hydrogenases when tested with viologens as artificial electron acceptors, it could have been suspected that its special composition was required to obtain a particularly active enzyme complex. Our results show that this is not the case. A fusion of the smallest subunit (VhuU) to the largest one (VhuA), generating a typical large subunit (VhuF), does not impair the enzyme activity as tested with benzyl viologen. The introduced genetic changes lead to an oligopeptide connection of the two subunits, which is probably located on the outer surface of the fused subunit. Therefore, a disturbance of the reactive bimetallic site is not expected, while the observed change in the chromatographic behavior on the Phenyl-Sepharose column might indicate a change of the enzyme surface properties.
M. voltae carries two operons, vhc, encoding and frc, encoding selenium-free [NiFe]-hydrogenases. They are only transcribed upon selenium depletion. We have previously proposed a model [20] in which the selenium-containing VhuU polypeptide would play a role in the coordinate negative transcriptional control of the two operons. Since in the wild type, the vhuU gene has its own ribosome-binding site, its product could be formed in excess over the other subunits. The situation is different in the fusion mutant because no free VhuU polypetide can be made. Therefore, the role of the VhuU polypeptide in the transcriptional regulation of the vhc and frc operons is questionable on the basis of our results. The most direct test for the regulatory role of vhuU, the deletion of the vhuU gene, has proven to be impossible, since the cells apparently do not tolerate the deletion (unpublished results).
The apparent splitting or fusion of genes is not unprecedented in archaea. RNA polymerase genes with similarity to both their eukaryotic and eubacterial counterparts have been found to encode domains that are found on single polypeptides in both the Eucarya and Bacteria [36] . Thus, the apparently strange subunit composition of the Vhu-hydrogenase and its putative homologue in M. jannaschii might yet be other cases of special genetic configurations in Archaea. So far one can only speculate about its biological meaning.
